ABSTRACT The current study aimed to investigate whether diet density affects growth performance and nutrient digestion during the first wk after hatch and digestive organ weight at 7 d of age. Effects were studied using a dose-response design consisting of 5 dietary fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%). The dietary fat level was increased through soybean oil inclusion. Amino acids, minerals, and the premix were increased at the same ratio as dietary fat. Consequently, diets were kept neither isocaloric nor isonitrogenous. Broiler chickens were weighed on d 0 and d 7 after hatch, whereas feed intake was measured daily. Excreta produced from d 0 to d 7 was collected at d 7. Dietary dry matter and nitrogen metabolizability, as well as fat digestibility were calculated as an average over 7 days. Broiler chickens were sampled at d 7 to determine carcass yield, breast meat yield, and organ weights. Average daily gain (P = 0.047) and average daily feed intake (P < 0.001) decreased linearly as diet density increased, while gain to feed ratio increased linearly (P < 0.001). An increased diet density resulted in a linear decrease of crop, liver, and pancreas weight relative to body weight (BW; P < 0.05). Duodenum, jejunum, ileum, and cecum length (expressed as cm/kg of BW) and empty weight (as % of BW) increased linearly with increased diet density (P < 0.05). Dietary dry matter metabolizability decreased linearly as diet density increased (P < 0.001), whereas fat digestibility and nitrogen metabolizability were not affected (P > 0.05).
INTRODUCTION
In current broiler farming, chickens are fed diets rich in carbohydrates from the moment of hatch onwards (Sklan, 2001) . Carbohydrates, such as glucose and starch, function as the main energy supply in diets, despite that they have a lower energetic value than dietary fats and oils. Dietary fats and oils are used less as the main energy supplier in chicken diets because fats and oils are considered less digestible, especially during the first wk of life (Batal and Parsons, 2002; Thomas et al., 2008; Ravindran et al., 2016) . However, during the late incubation phase, the developing chicken embryo relies on yolk lipids as the primary energy supply (Noble and Cocchi, 1990) , suggesting that the developing embryo is able to metabolize lipids from a very C 2018 Poultry Science Association Inc. Received March 28, 2017. Accepted November 30, 2018. 1 Corresponding author: david lamot@cargill.com young age onward. Currently, limited data are available to study if broiler growth and development are affected by high inclusion levels of dietary fat in the first wk of life.
Digestion and absorption of lipids in the gut are largely facilitated by enzymatic hydrolysis. Secretion of digestive enzymes, such as lipase, trypsin, and amylase, continues to increase during the first 3 wk after hatch and is therefore considered sub-optimal during the first wk of life (Noy and Sklan, 1995) , although Nitsan et al. (1991) found that lipase reached the maximum activity level in the small intestine at 4 d of age. Secretion of digestive enzymes, although not maximal during the first wk of life, does not limit digestion and metabolism, as feed intake (FI) and, therefore, the amount of feed to be processed are also relatively low in the first wk of life. Moreover, there may be adaptive responses in the gut that counteract the relative shortage of digestive enzymes. This assumption is based on Scott (2002) , where feeding of diets with increased nutritional densities 789 to broiler chickens resulted in altered digestive organ length and weight.
The objective of this study was to determine effects of diet density on growth performance, digestive organ weights and lengths, and nutrient utilization of broiler chickens during the first wk of life, using a dose-response design. Effects of increased diet density on postabsorptive characteristics, such as nitrogen (N) and energy retention within the body, are described elsewhere (Lamot et al., 2017) .
MATERIALS AND METHODS
All procedures in this study were approved by the Animal Use and Care Committee of Wageningen University & Research, the Netherlands.
Experimental Design
A dose-response design with 5 diet density levels, obtained through increased dietary fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%), was applied to study the effects on growth performance, digestive organ weights and lengths, and nutrient metabolizability of broiler chickens during the first wk of life. The relative shift in dietary energy level also was used to increase amino acid levels, mineral levels, and the premix inclusion level as well. In 8 consecutive batches, treatments were randomly distributed over 4 climate respiration chambers (CRC). Depending on their size (267 or 1,800 L), each CRC contained 12 or 24 chickens, resulting in 6 replicates per treatment with 108 (3 × 12 and 3 × 24) broiler chickens per treatment and 540 broiler chickens in total.
Animals and Housing
A total of 540 day-old Ross 308 male broiler chickens (average BW 45.8 g and range 44.8 to 47.3 g) was obtained from a commercial hatchery (Lagerwey, the Netherlands). To reduce the potential influence of hatch window, which is known to affect the metabolic status of the broiler chicken (Van de Ven et al., 2013; Lamot et al., 2014) , only broiler chickens that were not entirely dry in the neck region at hatch were selected for the current study. Chickens were housed in one of 4 CRC at the experimental facilities of Wageningen University. Either 12 or 24 broiler chickens were used in each CRC, depending on the size of the chamber (Lamot et al., 2017) . Chickens were housed on a coated wire floor to facilitate quantitative excreta collection. Artificial lighting was set for 23 h/d throughout the study period (0 to 7 d of age). Temperature was set at 33
• C on d 0 and gradually decreased by 0.5
• C per d during the study period. Chickens had ad libitum access to feed and water via nipple drinkers.
Experimental Diets
Diets were formulated and produced as described by Lamot et al. (2017) . Briefly, diets containing the lowest 2 AME = apparent metabolizable energy.
(3.5%) and highest (17.5%) dietary fat content were formulated using soybean oil as the primary fat source to increase the dietary fat level among treatments. The relative difference in dietary ME level was used to increase amino acid levels and mineral levels, as well as the premix inclusion level at the same ratio. Consequently, diets were neither isocaloric nor isonitrogenous. Starter diets with 3.5, 7.0, 10.5, 14.0, and 17.5% dietary fat contained 2, 870, 3, 030, 3, 190, 3, 350 , and 3,510 kcal/kg AMEn, and 11.6, 12.2, 12.9, 13.5, and 14.2 g/kg digestible lysine, respectively (Table 1) . Diets were formulated based on digestibility and nutrient data provided by CVB (2007).
Data Collection
Individual BW was measured on d 0 and d 7, whereas ADFI was measured at the same time of the day. Gain to feed ratio (G:F) was calculated from d 0 to d 7, based on body weight differences and FI. The average ADG from d 0 to 7 was calculated per CRC. Excreta produced from d 0 to d 7 were quantitatively collected at d 7 and analyzed. Feed and excreta were analyzed for DM (ISO 6496, 1999) , N (ISO 5983-2, 2009), and crude fat by acid hydrolysis (ISO 6492, 1999) .
At d 7, 12 chickens per CRC were weighed, sacrificed, and dissected to determine carcass weight and organ weights of the heart, crop, proventriculus plus gizzard, liver, pancreas, bursa, spleen, and breast meat yield (Pectoralis major, Pectoralis minor, sternum, and clavicle). Carcass weight excluded blood and organ weights. Broiler chickens were fed ad libitum before dissection and were euthanized by cervical dislocation. Organ weights were calculated as a percentage of BW, except for breast meat yield, which was expressed as a percentage of carcass weight. Digestive organs, including the crop, proventriculus plus gizzard, small intestines, and cecum were emptied by gentle brushing and squeezing to determine empty weights. For the intestinal tract, the length of the duodenum (duodenal loop excluding pancreas), jejunum (end of duodenum to Meckel's diverticulum), ileum (Meckel's diverticulum to ileal-cecal junction), and cecum also were measured.
As no distinction was made between fecal and urinary DM and N excretion, the dietary DM and N metabolizability coefficients (Nutrient MET ) were calculated as follows:
The dietary fat digestibility coefficient (Fat DC ) was calculated as:
Statistical Analysis
Data were subjected to mixed model analysis using the PROC MIXED procedure in SAS (Version 9.3, 2011, SAS Institute Inc., Cary, NC) using the model:
where: Y ij = dependent variable, μ = overall mean, α i = fixed treatment effect (i = 3.5, 7.0, . . . , 17.5% dietary fat), β j = fixed CRC type effect (j = 12 or 24 broiler chickens), b k = random batch effect (k = 1, 2, . . . , 8), and ε ijk = residual error term. Contrasts were used to determine significant relationships for linear and quadratic effects of diet density. Data were analyzed using a group of animals in one CRC as the experimental unit. Data are expressed as least square (LS) means. LSmeans were compared after correcting with Tukey's for multiple comparisons, and effects were considered to be significant when P ≤ 0.05.
RESULTS

Growth Performance
From d 0 to d 7, ADG (average 18.7 g/d) and ADFI (average 16.7 g/d) decreased linearly as diet density increased (Δ = −6.8% ADG and −18.7% ADFI between 3.5 and 17.5% dietary fat; P = 0.047 and P < 0.001, respectively; Table 2 ). G:F ratio (average 1.124) from d 0 to d 7 increased linearly as diet density increased (Δ = 14.4% between 3.5 and 17.5% dietary fat; P < 0.001; Table 2 ). DM metabolizability (average 0.73) from d 0 to d 7 decreased linearly as diet density increased (Δ = −4.1% between 3.5 and 17.5% dietary fat; P = 0.001; Table 3 ), whereas N metabolizability (average 0.67) and fat digestibility (average 0.72) were not affected as diet density increased.
Organ Weight, Intestinal Length and Weight
Crop, liver, and pancreas weights, as a percentage of BW, decreased linearly as diet density increased (Δ = −4.6% in crop weight, Δ = −19.4% in liver weight, and Δ = −11.5% in pancreas weight between 3.5 and 17.5% dietary fat; P = 0.015, P < 0.001, and P = 0.001, respectively; Table 4 ). For absolute crop, liver, and pancreas weights, a similar response was observed (P ≤ 0.002; data not shown). No effects of diet density were found on the heart, stomach, spleen, or bursa weights at d 7. Length of the duodenum (Δ = 13.9%), jejunum (Δ = 10.0%), ileum (Δ = 4.8%), and cecum (Δ = 8.3%), as cm per kg of BW, increased linearly as diet density increased (P < 0.05; Table 5 ). In addition, empty weight of the duodenum (Δ = 22.2%), jejunum (Δ = 12.1%), ileum (Δ = 17.0%), and cecum (Δ = 18.0%), as a percentage of BW, linearly increased as diet density increased from 3.5 and 17.5% dietary fat (P < 0.05; Table 5 ). The calculated weight to length ratio of the intestines increased linearly for the ileum and cecum as diet density increased (Δ = 10.8 for the ileum and Δ = 9.5% for the cecum, respectively; P < 0.05; Table 5 ).
DISCUSSION
The average dietary N metabolizability coefficient in the current study was reduced compared to N metabolizability coefficients found in previous research (0.67 vs. 0.72 and 0.79; Noy and Sklan, 1995, Thomas et al., 2008) , where similar corn-soybean-meal-based diets were fed until d 7. N metabolizability did not depend on diet density level, even though the dietary CP level increased from 229 to 268 g/kg. A limitation of the current study, as well as previous research, is that no distinction was made between fecal and urinary N excretion for calculation of N metabolizability. As a consequence, the calculated N metabolizability is a combined value for dietary CP digestion and catabolized protein (Terpstra and de Hart, 1973) , resulting in an underestimation of nitrogen digestibility. Therefore, it is important in further research to differentiate between fecal and urinary N, determining the ratio between N excretion via urine and feces. The average dietary fat digestibility coefficient in the current study was higher than in previous research (0.72 vs. 0.59 and 0.67; Batal and Parsons, 2002; Thomas et al., 2008) . In comparison, Tancharoenrat et al. (2013) derived a fat digestibility for soybean oil of 0.60 at d 7. Fat digestibility also did not depend on dietary fat level, even though the inclusion level of soybean oil increased 6.5-fold from 23 to 150 g/kg. Ravindran et al. (2016) reported that the digestibility of fats and oils in poultry diets tends to decrease as the inclusion level increases. They also reported that this may especially occur in young chickens when fed saturated fats and oils. Soybean oil, like that used in the current experiment, contains relatively low amounts of saturated fatty acids compared to other fats and oils and may explain why fat digestibility was not affected by dietary fat level in the current experiment.
As N metabolizability and fat digestibility did not depend on dietary fat or density level, they may not explain the reduced ME:GE ratio as a result of increased diet density (previously reported by Lamot et al., 2017) . A reduced ME:GE ratio reflects an increase in fecal and urinary losses, meaning that the metabolism of nutrients is impaired. This might be attributed to a lowered DM metabolizability. The reduced DM metabolizability may be explained by an increase of minerals and trace components in the premix as diet density increased. This not only resulted in an increased mineral content of the diet compared to other ingredients (4.6 vs. 5.8% for 3.5 and 17.5% dietary fat diets, respectively), but also an absolute increase (1.3%) in dietary DM content. As these minerals and trace components are not fully digestible by the broiler chicken, it may lower DM metabolizability.
The relatively high fat digestibility in the current study, being unaffected by dietary fat level, is in contrast to previous research that advocates that enzyme secretion for fat digestion is still developing during the first wk of life (Noy and Sklan, 1995) . Based on current fat digestibility results, it can be hypothesized that chickens have lower (but still sufficient) lipase activity for fat digestion at an early age. It is known that pancreatic enzyme activity is dependent on the type and amount of substrate (feed) available for hydrolyzation, as was shown in rats (Snook, 1971 ) and other species (Corring, 1980) . However, it remains up for discussion if this also occurs while the enzyme secretive system is still developing in chickens during the first wk of life. As an alternative strategy, chickens may adapt their digestive system with increased diet densities.
Changes in length and weight of the digestive organs may be a result of changes in the amount of feed consumed (portion size), ingredient composition, or nutrient density in the diet, and will be discussed in more detail below.
A distinction can be made between digestive organs that are primarily involved in the process of feed ingestion, digestion, and absorption (esophagus, crop, stomach, and intestines) and organs that have a supportive role in digestion or metabolization of nutrients, such as the pancreas (enzyme secretion) or the liver (metabolic processing of nutrients). It can be hypothesized that in ad libitum fed broiler chickens, the crop has a redundant function because feed consumed directly passes into the gizzard (Svihus, 2014 ). In the current study, broiler chickens were fed ad libitum, and crop weight appeared to decrease with increasing energy density. ADFI also was reduced as dietary energy density increased. This suggests that even in situations of continuous feed access, the crop may be used for temporary feed storage, and its weight is actually adjusted according to the amount of feed (portion size) consumed. While the relative crop weight decreased, intestinal length and weight increased as a result of an increased diet density. Scott (2002) reported shorter small intestines at 20 d of age after feeding diets with increased density (+0.29 MJ ME/kg), whereas Wang et al. (2015) did not report an effect of diet density (+0.42 MJ ME/kg) on small intestine length at 21 d of age. In the latter study, small intestine morphology (villi height, width, surface area, intestinal muscle thickness, crypt depth, and goblet cell size and density) also was not affected. In contrast, the increase in diet density was much higher (+3 MJ ME/kg) in the current study than in Scott (2002) and Wang et al. (2015) . Increased intestinal length and weight also may be due to differences in the absolute FI level, nutrient intake levels, and diet ingredient composition. Increased length and weight as a result of lower FI seems unlikely, as reduced FI usually results in a reduced need for surface area of the intestines for digestion and absorption of nutrients. It should be noted though that, although FI is lowered as a consequence of feeding increased diet densities, the nutrient intake per gram of diet increases. Thus, it can be speculated that nutrient concentration per gram of diet may drive intestinal growth rather than the absolute amount of FI. This also is supported by research in mice, where an increased portion of lipids in the diet (while maintaining a similar calorie intake among treatments) resulted in upregulation of various genes involved in the absorption and metabolization of fat, and increased proliferative activity (and thus larger villi size) in the jejunum (Petit et al., 2007) . Larger villi increase the villi surface area for absorption of nutrients, as nutrients are absorbed either actively (protein, carbohydrates) or passively (fats and oils) by transport via the enterocytes located in these villi (Denbow, 2015) .
As a supportive digestive organ, the pancreas secretes amylase, lipase, and trypsin for carbohydrate, fat, and protein digestion (Denbow, 2015) , as well as hormones, such as insulin and glucagon, which have a regulatory role in carbohydrate metabolism (Dupont et al., 2015) . In the current study, both the absolute and relative pancreas weights were reduced as diet density increased. Also, the carbohydrate content of the diet was reduced by approximately 28% as the dietary fat level increased. Combined with the lowered FI (portion size), it could be hypothesized that there is a lower requirement for hydrolyzation of carbohydrates, facilitated by the pancreas, thus resulting in a smaller pancreas weight. This is in contrast with a study in rats, in which increasing the dietary fat level at the expense of carbohydrates in an isonitrogenous (synthetic) diet did not affect relative pancreas weight (Snook, 1971) . Although amylase levels lowered with increased dietary fat levels, lipase levels increased. Pancreas size in the current study also may have been lowered by the increased protein level at the expense of carbohydrates, as overall diet density increased. However, Snook (1971) also found that increasing the protein level at the expense of carbohydrates resulted in larger relative pancreas weights. Therefore, it remains inconclusive as to why the pancreas weight was lowered in the current study.
At 7 d of age, both the absolute and relative liver weights decreased as dietary nutrient density increased. This is similar to earlier work of Scott (2002) , in which increased diet density (+0.29 MJ ME/kg) also resulted in relative lower liver weights from 12 d of age onwards compared to a regular diet density. The liver is responsible for bile formation that is used in fat digestion (Denbow, 2015) , which suggests that increased dietary fat levels in the diet may require increased bile formation due to its function as an emulsifier of fat. However, in the current study, the hypothesized increased bile formation for fat emulsification did not result in increased liver weight.
A lower liver weight could be due to its metabolic function to facilitate the increased growth rate that is associated with feeding increased diet densities. Young broiler chickens use approximately half of their retained energy for protein synthesis and retention (Buyse et al., 2004; Lamot et al., 2017) . Protein synthesis requires energy, and its costs range from 3 to 13 kJ per gram of protein synthesized (Aoyagi et al., 1988) . The liver facilitates the processes of glycolysis (using glucose as input) and beta oxidation (using fatty acids as input) for energy yielding purposes (Salway, 2004) . The glucose used for glycolysis is primarily of endogenous origin in young broiler chickens (Buyse et al., 2004) . In mammals, the production of endogenous glucose would be facilitated through gluconeogenesis in the liver; in avian species, this primarily occurs in the kidneys (Watford et al., 1981) . The latter suggests that a higher energy requirement for growth and protein retention may result in increased glycolysis in the liver but without increased gluconeogenesis (taking place elsewhere) or storage of glycogen in the liver, as most of it will likely be used as fuel for growth, thus partly explaining a reduced liver weight. Fatty acids that are not used for energy yielding purposes through β-oxidation can be stored in the liver as triglycerides. However, due to the relatively high protein retention rate and synthesis in young broiler chickens, it is expected that fatty acids are (in addition to glucose) mainly used for energy yielding purposes (Buyse et al., 2004) . Thus, reduced storage of fatty acids in the liver also may explain to some extent a reduced liver weight.
In conclusion, during the first wk of life, feeding higher diet densities resulted in linear decreases in ADG and ADFI, whereas G:F increased. Broiler chickens respond to high-density diets by increasing intestinal weight and length while decreasing liver and pancreas weight. The altered organ lengths and weights may be an adaptive response to cope with reduced FI, but increased nutrient concentration. Increased diet densities did not affect N metabolizability or fat digestibility coefficients.
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